The effect of a low refractive index film on plasmonic scattering from individual silver nanoparticles and nanowires is observed experimentally in Fourier space. The addition of the film over particles on a glass substrate was found to have a strong effect on the scattering pattern, due to interference between directly scattered light and light reflected from the interfaces, which depends strongly on the film thickness. Nanowires are shown to produce a much more directional scattering pattern than spherical particles, and the addition of the film above the nanowires leads to further directionality enhancements with light scattering at well-defined angles into the glass substrate. The use of the dielectric environment and particle shape to tune the directional scattering is demonstrated. These results are of interest for applications such as optical nanoantennae and plasmonically enhanced solar cells. The excitation of localised surface plasmons (LSP's) in noble-metal nanostructures offers a promising means to control light-matter interactions on the sub-wavelength scale and is currently the subject of intense research for a variety of applications including nanoantennae, 1-3 single molecule detection, 4,5 thin-film solar cells, 6-8 and light-emitting diodes.
The excitation of localised surface plasmons (LSP's) in noble-metal nanostructures offers a promising means to control light-matter interactions on the sub-wavelength scale and is currently the subject of intense research for a variety of applications including nanoantennae, [1] [2] [3] single molecule detection, 4, 5 thin-film solar cells, [6] [7] [8] and light-emitting diodes. 9 LSP's are attractive due to their strong, resonant interaction with incident light, and the sensitivity of these resonances to particle size, shape, and surroundings. By altering these conditions, it is possible to manipulate the spectrum, near-field behaviour and directional scattering of plasmonic particles.
There have been several studies investigating the spectral properties of plasmonic nanoparticles (NP's) in various media, [10] [11] [12] [13] but only a few investigating their spatial scattering behaviour. Significantly, all the previous experimental papers investigating scattering directionality have only considered plasmonic particles at a substrate-air interface [14] [15] [16] and the potential benefits of utilising a more structured dielectric environment have not been addressed. Directional emission in the form of leakage radiation from surface plasmon-polaritons has also been investigated, 17, 18 which is due to a very different mechanisms than the LSP scattering discussed here and suffers from strong absorption of the plasmon wave in the metal.
In this Letter, we demonstrate experimentally how the directional scattering behaviour of individual silver nanoparticles and nanowires (NW's) can be manipulated by controlling the thin-film environment of the scatterer. Altering the film thickness provides a simple means of fine-tuning scattering patterns. It is found that greater film thicknesses result in larger scattering angles and that at certain values the directionality is maximised, especially in the case of nanowires.
We compare experimental data with finite-difference timedomain (FDTD) simulations to verify our findings.
The plasmonic dipole mode generally has the largest optical cross-section and suffers smaller losses due to plasmonic absorption compared with higher-order modes 10 and is thus the preferred excitation for most applications. Placement of a dipolar emitter or scatterer at the interface of two extended media, e.g., air and glass, will result in a different scattering patterns from free space due to interference between directly emitted light and light reflected from the interface. 19 The addition of any films or other media around the NP will alter the interference and strongly affect the emission/scattering pattern as well as the spectral properties. This can lead to longer optical path lengths in photodetectors, higher collection efficiency for fluorescence microscopy, and greater control over the directional emission for nanoantennae. 11, 20, 21 Samples were prepared using spherical silver nanoparticles, procured from Sigma Aldrich and Ag nanowires produced in house using a polyol reduction process 22 were spincoated onto glass coverslips with a refractive index of 1.526. The particles were imaged in a JEOL 840F scanning electron microscope (Supplementary material, 23 Fig . S1 ) and found to have an average diameter of 107 6 2 nm. The nanowires had an average diameter of 115 6 3 nm and varied in length between 3 and 20 lm. Thin films were produced using the low index polymer Poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-dioxole-co-tetrafluoroethylene] (PTFE AF), from Dupont (which has a refractive index of 1.31) dissolved in the Fluorinert TM liquid FC-40 from 3M. A spin coater was used to overcoat the particles with films of controllable thickness, t, which were then measured using a Pacific Nanotechnology Nano-R atomic force microscope in tapping mode.
Figure 1(a) shows the sample geometry and illustrates the dark-field, Fourier microscope used to image the scattering patterns (For a full diagram showing the complete optical setup, see supplementary material, 23 Fig . S2 ). Laser excitation at k ¼ 532 nm is focussed into the back focal plane of an Olympus 100x, 1.4 numerical aperture (NA), oil immersion objective via a 1 mm rod mirror so it arrives collimated at the focal plane. LSP's are excited in particles on the back surface of a cover slip, where because of the higher refractive index of glass, the majority of the scattered light is directed back towards the objective, this is then mapped onto the Fourier plane as a function of angle. 19 All light directly scattered from the interfaces is blocked by the rod mirror, which appears in the Fourier images as a dark spot around the centre. The microscope is aligned such that it is possible to visualise the Fourier and image planes simultaneously. Figs. 1(b) and 1(c) show optical dark-field images of an NW and several NP's taken using the microscope. A variable aperture is used to select single particles for Fourier space measurements. The far-field scattering patterns for each thickness were simulated using the Lumerical FDTD Solutions software. Figure 2 shows the simulated (a)-(d) and measured (e)-(h) Fourier patterns of NP's at a bare interface and overcoated with 89 6 7, 185 6 5, and 247 6 4 nm films. Simulations were conducted using the average measured film thicknesses and particle sizes. The normalised line traces across the vertical axes of experimental and simulated plots are also shown in (i)-(l). The scattering pattern is shown to be defined by the thickness of the film containing the particle. As t increases from (a)-(d), the lobe peak moves outwards from 41 to 54 from the optical axis and the emission at low angles reduces from 50% of the peak value in Fig. 2 (i) to 17% in Fig. 2(k) , before increasing again and beginning to form a secondary pair of lobes, which have just started to emerge in Fig. 2(l) . The experimental results show strong agreement with simulations, once the mirror patchstop at the centre and the NA at the edges are taken into account.
This behaviour is in agreement with the theory of dipolar emitters in multi-layered structures as defined by Lukosz 24 and is due to the interference between directly scattered light and light then reflected from the film/substrate and film/air interfaces. When the refractive indices fulfil n air < n f ilm < n substrate it can be demonstrated that this interference is determined chiefly by reflection from the film/air interface 20 in such a way that as the film thickness increases, the interference maxima shift to larger angles and new maxima begin to form close to the center, until t becomes large compared with the wavelength and we return to the pattern of a particle at a single interface. Thus, the majority of the light will be scattered into one or more pairs of well-defined lobes, and the concentration of light within a given angular spread will be dependent on t. Previous studies 11 have shown that the same effect can be achieved by altering the refractive index of the film, as this produces an equivalent change to the optical path length.
For many applications, the ability to scatter light to the largest possible angles, thus maximising path length in the substrate through careful choice of layer materials and geometries is extremely useful. For antennae however, it is important to be able to scatter or emit light into as well defined a region as possible. For this purpose, nanowires offer an attractive alternative without the need to create more complex shapes. 25 It has been demonstrated that a nanowire can be modelled as a set of discrete point dipoles arranged in a line across the length of the wire.
14 Due to the phase coherence of scattered light from different points along the wire, the dipole radiation pattern is multiplied by a form factor, obtained by integrating over the wire length. 16 This results in the predicted scattering pattern being that of a dipole, relative to the polarisation of the exciting radiation, multiplied by a sinc 2 function arising from the wire geometry (see supplementary material 23 ). The larger the wire aspect ratio the more the light is confined to the axis perpendicular to the wire. Figure 3 shows the experimentally obtained scattering patterns from an Ag nanowire on a glass substrate, under illumination polarised parallel to the wire axis. Light polarised perpendicular to the wire produces a weaker scattering effect and shows less marked variation with t (see Fig. S3 , Ref. 23) . For NW's on a bare glass substrate, the lobe peak is 2.9 times the value at 0 and 37.7% of the light scattered into the substrate being caught within 10 of the lobe peaks, which is a significant increase compared to 2.9% for a NP at a bare interface. Due to the large aspect ratio, the sinc 2 peak is very tight and shows good agreement with the discretedipole approximation model (see Fig. S4 for curve fitting 23 ) for a NW length of 6.9 lm. This agrees well with the values measured using the CCD of 6.5 6 0.4 lm.
The ability of a thin film to increase the directionality of the NW scattering is highlighted in Fig. 3(b) , which shows the Fourier space image of a 7.4 lm NW on a glass coverslip, overcoated with 185 6 5 nm of PTFE AF. Again a good agreement with simulations is shown through the line traces and the lobe strength in this instance is 5 times that of the central peak. Thanks to this reduction in low-angle scattering, 43.3% of the light is scattered within 10 of the lobe maxima-a 15% increase from the uncoated NW.
Simulation results revealed in Fig. 4 show that is possible to optimise the fraction of light scattered close to the lobe maxima for a given excitation wavelength by altering the film thickness. As t increases, low-angle scattering is reduced until a maximum for angular concentration is reached around 150 nm, beyond which the reemergence of low angle scattering starts to reduce directionality. With thicker films, further lobes appear (as shown in Fig. 4(a) , causing additional peaks in Fig. 4(b) , but these are all smaller than the original maxima, showing that concentration of scattering around the lobe peaks is maximised for fairly thin films.
It is significant that through the addition of the film the lobe maxima are shifted beyond the air-glass critical angle, which would lead to a large fraction of scattered light being totally internally reflected within the structure. The fraction of light scattered into the substrate beyond the critical angle of 41.8 , (F crit ) is shown in Fig. 4(b) (black line). This can be seen to move from 42.5% for the case of a bare interface to 76.8% at t ¼ 150 nm, an enhancement of 81%. This could be an important feature for applications such as waveguides and solar cells.
To conclude, we have measured the scattering patterns of NP's and NW's on a glass substrate under various thicknesses of low-index polymer film. The scattering behaviour was altered significantly by the addition of the film above the particles and could be tuned by changing the film thickness. Nanowires were shown to be able to concentrate scattering into a much smaller angular range than NP's. The addition of a film above the NW's produced even stronger directionality which can be enhanced by increasing the NW aspect ratio and optimising the film thickness. The fraction of light scattered past the critical angle of the air-glass interface and hence trapped within the structure can also be maximised by selecting an appropriate film thickness. This demonstrates the potential for fine-tuning the directional scattering of plasmonic nanoparticles for various applications through tailoring the particle shape and dielectric surroundings.
AWP acknowledges support from the UK Engineering and Physical Sciences Research Council.
